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Abstract. Asymmetrically clipped optical orthogonal frequency division multiplexing (ACO-OFDM) has been 
proposed in visible light communication (VLC) systems to overcome the DC-biased optical OFDM (DC-OFDM) 
power consumption issue at the cost of the available electrical spectral efficiency. Due to the implementation of inverse 
fast Fourier transform (IFFT), all the optical OFDM schemes including ACO-OFDM suffer from large peck to average 
power ratio (PAPR), which degrade the performance in VLC systems as the light emitting diodes used as the 
transmitter have a limited optical power-current linear range. To address the PAPR issue in ACO-OFDM, in this work 
we introduce a unipolar-pulse amplitude modulation frequency division multiplexing (U-PAM-FDM) by adopting the 
single carrier frequency division multiple access (SC-FDMA). This is achieved by considering a PAM as an SC-
FDMA data symbols and inserting a conjugate copy of the middle and first SC-FDMA FFT output subcarriers after 
the middle and last subcarriers, respectively. Simulation results show that, for the proposed scheme the PAPR is 3.6 
dB lower compared with ACO-OFDM. The PAPR improvement is further analyzed with the simulation results 
demonstrating that the proposed scheme offers 2.5 dB more average transmitted power compared to ACO-OFDM.  
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1 Introduction 
Visible light communications (VLC) is a novel wireless technology that uses light emitting diode 
(LED)-based sources for the dual purpose of lighting and data communications [1, 2]. Unlike radio 
frequency (RF)-based systems, the light spectrum is unregulated, and  VLC can use the entire or 
portions of the visible spectrum (385 - 790 THz) [1, 2]. Nevertheless, the transmission bandwidth 
in VLC systems is mostly  limited by the modulation bandwidth of the LED Bmod. For example, 
the bandwidth of the standard high-power white phosphor LED (WPLED), which is used for 
illumination, is in the range of a few MHz [1, 2].  
To address the LED’s bandwidth limitation and therefore increase the transmission data rates, a 
few methods have been proposed in the literature. For example, the multiple-input multiple-output 
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(MIMO) technique, where higher capacity and diversity gain can be achieved using spatial 
multiplexing and repetition coding as compared with single-input single-output (SISO) systems 
[3]. MIMO has also been used together with multi-carrier transmission as in [4, 5], where the link 
capacity was improved using adaptive transmission in frequency selective channels. Additionally, 
in [6], optical blue filtering was applied at the receiver (Rx) to suppress the slow response of the 
phosphor whereas, the analogue pre- and post-equalization techniques were investigated in [7-9] 
to increase Bmod and consequently improve the VLC throughput. For instance, in [7] Bmod of the 
blue, red and green LEDs with the emitter degenerated LED driver was increased by (i) 106, 87 
and 98 MHz, respectively using a pre-equalizer; and (ii)  174, 180 and 145 MHz, respectively 
based on the pre- and post-equalizers. However, the improvement in Bmod was achieved at the cost 
of reduced signal to noise ratio (SNR) per transmitted symbol at the Rx [10, 11].  
Alternatively, to improve Bmod, non-orthogonal multiple access (NOMA) method was considered 
for multiple access channels [12, 13], where all the user terminals share the entire available 
bandwidth at the same time. In addition to the aforementioned techniques, multi-level modulation 
signal schemes including M-ary pulse amplitude modulation (M-PAM) have also been 
demonstrated to increase the data rate [14]. However, instead of single carrier modulation (SCM), 
a multi-carrier modulation (MCM) schemes such as orthogonal frequency division multiplexing 
(OFDM) have been adopted to boost the transmission data rate in VLC systems. For instance, in a 
recent demonstration [15], the data rate of more than 15 Gbps was reported using OFDM with 
optimum bit and power loading based on wavelength division multiplexing of four LEDs (i.e.,  
RGBY). Although, OFDM has many promising benefits in VLC, traditional OFDM signal 
generation techniques used in RF systems cannot be directly applied to intensity modulation and 
direct detection (IM/DD)-based VLC systems. First and foremost, in IM/DD systems, the 
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information bearing signal should be non-negative and real valued. In the literature, the three most 
commonly used optical OFDM techniques are DC-biased optical OFDM (DCO-OFDM), 
asymmetrically clipped optical OFDM (ACO-OFDM) and pulse amplitude modulated discrete 
multitone (PAM-DMT), where all of which rely on Hermitian symmetry (HS) in the complex 
symbol vector prior to time domain signal generation through inverse fast Fourier transform 
(IFFT). HS ensures that, the signal at the output of IFFT is a real valued. In order to satisfy the 
non-negativity condition, DCO-OFDM systems add a DC bias before clipping the negative 
residual signal, whereas the even subcarriers (SCs) of ACO-OFDM and the real part of PAM-
DMT data symbols are kept blank so that the negative amplitudes levels at the output IFFT of both 
schemes conveys no information and hence are clipped. As compared with RF systems, in IM/DD-
based OFDM VLC transmission, the electrical spectral efficiency is halved for DCO-OFDM while 
it is reduced to one fourth in ACO-OFDM and PAM-DMT. However, ACO-OFDM and PAM-
DMT are more optical power efficiency and have lower noise clipping compared with DCO-
OFDM [16-20]. Due to inclusion of a number of SC components during IFFT operation, OFDM 
waveforms suffer from high peak to average power ratio (PAPR). This leads to several practical 
issues, which needs addressing such as the limited dynamic ranges of digital to analog converter 
(DAC) and electrical amplifiers. But particularly in VLC systems, the limited linear dynamic range 
of LED’s optical power-current characteristics, which can lead to reduced PAPR and therefore 
distortions of the transmitted and received signals [21, 22]. In order to avoid high PAPR, instead 
of OFDM, single-carrier frequency division multiple access (SC-FDMA) was proposed in [23-25]. 
SC-FDMA is two types: localization frequency division multiple access (LFDMA) and interleaved 
frequency division multiple access (IFDMA), and is currently employed for the uplink multiple 
access schemes in the long term evolution (LTE) of cellular systems by the third generation 
4 
partnership project (3GPP) [26, 27]. ACO-single carrier frequency domain equalization (ACO-
SCFDE) was proposed in [23] and [24] as a modified IFDMA scheme, which is suitable for 
IM/DD. The only difference between ACO-OFDM and ACO-SCFDE is the inclusion of FFT and 
IFFT blocks in the ACO-SCFDE transmitter (Tx) and ACO-SCFDE Rx, respectively. However, 
in order to meet IM/DD requirements, the IFDMA symbol vector in all these modified schemes, 
again needs to satisfy HS, which results in increased PAPR in optical-based IFDMA compared 
with RF-based IFDMA. In [25], it was demonstrated that, because of HS only half of the ACO-
SCFDE samples would have a single carrier PAPR behavior, while the other half will have the 
same PAPR as in OFDM. However, in our recent work [28, 29], we showed that PAPR of optical 
IFDMA can be improved by not considering HS requirement and therefore making it to be as low 
as the PAPR of IFDMA in the RF domain. This was achieved in [29] by symmetrically repeating 
the IFDMA time domain symbol twice by means of setting the interleaving factor (Q) in the 
frequency domain to be 2. That is, the IFDMA symbol was transmitted through two sub symbols, 
where the real and imaginary parts of IFDMA time domain samples were transmitted using the 1st  
and 2nd  sub symbols, respectively. However, for VLC systems, the 1st SC (i.e., the DC term) is 
used for keeping the LED on, dimming or shifting the amplitude levels within the dynamic range 
of LEDs [1, 2]. Because of the implementation of the interleaving mapping and FFT process at the 
Tx, the 1st SC in [28, 29] needs to be a modulated SC, which is affected by the DC bias and 
consequently affecting all samples in the time domain. Thus, resulting in 2 dB of SNR penalty 
compared with traditional optical OFDM to achieve the same bit error rate (BER) as demonstrated 
in [29].  
In this paper, the unipolar-PAM frequency division multiplexing (U-PAM-FDM) signalling 
scheme for the IM/DD-based VLC system is introduced as a means to improve the PAPR of the 
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optical OFDM. This improvement is achieved by removing the requirement for HS in IFDMA and 
without any DC bias effects. Here, since we have adopted PAM as the data symbols (i.e., real 
values), the FFT SCs outputs at the IFDMA Tx are symmetrically conjugated, except for the first 
and the middle SCs. However, to make all SCs symmetrically conjugated, two additional SCs are 
included after the middle and the end of the FFT output, which we call it the symmetrically 
conjugate (SCG) process. Implementing odd modulation and IFFT on theses modified SCs results 
in a real and asymmetric signal suitable for IM/DD based VLC systems. 
The paper is structured as follows; Section 2 presents the proposed U-PAM-FDM scheme. Results 
obtained for the proposed scheme are analyzed and evaluated in Section 3. Finally, conclusions 
are drawn in Section 4.  
2 U-PAM-FDM System Description 
In this section, we outline details of the Tx and the Rx for U-PAM-FDM. 
2.1 U-PAM-FDM Tx 
Fig. 1 depicts the block diagram of the U-PAM-FDM Tx. An input random serial binary bit stream 
bi is first converted into the parallel bit streams prior to being mapped to PAM. The generated 
output signal 𝐶 = {𝐶0, 𝐶1, 𝐶2, 𝐶3 … … 𝐶𝐷−1}, where D is the number of transmitted data symbols, 
which is a real vector, is applied to the FFT module with the output of which given  by: 
𝑆𝑚 = ∑ 𝑐𝑑
𝑀−1
𝑑=0 𝑒
−𝑗2𝜋𝑑𝑚
𝑀 , 
(1) 
where 𝑆 = {𝑆0, 𝑆1, 𝑆2, … … 𝑆𝑀−1}, M is the FFT size, which is equal to D, and m and d are the 𝑚
th 
SC and 𝑑th data symbol, respectively.   
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Fig. 1 The block diagram of the U-PAM-FDM Tx. 
Since C is a real signal (i.e., PAM), all SCs at the output of FFT are symmetrically conjugated 
around the  𝑆
(
𝑀
2
+1)
  SC except the 𝑆0, see Fig. 2. Note, the m
th SC is given as: 
𝑆𝑚 = ∑ 𝐶𝑑
𝑀−1
𝑑=0
 𝑒−𝑗2𝜋𝑑𝑚 𝑀⁄ , 
 
𝑆𝑀−𝑚 = ∑ 𝐶𝑑
𝑀−1
𝑑=0
 𝑒−𝑗(2𝜋𝑑𝑚 𝑀)(𝑀−𝑚)⁄ , 
 
= ∑ 𝐶𝑑
𝑀−1
𝑑=0
 𝑒−𝑗(2𝜋𝑚−(2𝜋𝑑𝑚 𝑀))⁄ , 
 
= ∑ 𝐶𝑑
𝑀−1
𝑑=0
 𝑒𝑗(2𝜋𝑑𝑚 𝑀)⁄ . 
(2) 
 
 
Fig. 2 The SCs for eight real input samples at the output of FFT module. 
From (2) and Fig. 2, it can be clearly observed that each 𝑚th SC is conjugated with the (𝑀 − 𝑚)𝑡ℎ 
SC (i.e., 𝑆𝑚 = 𝑆
∗
𝑀−𝑚 ), since C is composed of real values. However, in order to obtain an 
asymmetric real time domain signal, which is the requirement for IM/DD VLC links, all the SCs 
must be symmetrically conjugated (i.e., 𝑆𝑚 = 𝑆
∗
𝑀−𝑚+1) by then to apply to the SCG block, where 
two additional SCs (i.e., 𝑆∗
(
𝑀
2
+1)
= 𝑆∗4 for M = 8 and 𝑆
∗
0) are included to S after the centre and 
the last SCs. The SCG output vector, which is illustrated in Fig. 3, is given by: 
𝐼 = {𝐼0, 𝐼1, 𝐼2, 𝐼3, … … 𝐼𝑍−1},  
𝑆0 𝑆1 𝑆2 𝑆3 𝑆4 𝑆3
∗ 𝑆2
∗ 𝑆1
∗ 
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𝐼 = {𝑆0, 𝑆1, … , 𝑆𝑀
2
, 𝑆
(
𝑀
2
+1)
, 𝑆∗
(
𝑀
2
+1)
, 𝑆∗𝑀
2
, … 𝑆∗1, 𝑆
∗
0}, 
    
(3) 
where 𝑍 = 𝑀 + 2. 
 
𝑆0 𝑆1 𝑆2 𝑆3 𝑆4 𝑆
∗
4 𝑆
∗
3 𝑆
∗
2 𝑆
∗
1 𝑆
∗
0 
 
Fig. 3 The frequency domain SCs at the output of the SCG module for M=8 and Z=10. 
For the purpose of channel estimation, a number of symmetrically conjugate pilots are inserted to 
I as depicted in Fig. 4 and is given by: 
𝑃 = {𝑃0, 𝑃1, 𝑃2, 𝑃3, … … 𝑃𝑉−1}, (4) 
 
𝑷𝟎 𝐼0 𝐼1 𝐼2 𝑷𝟏 𝐼3 𝐼4 𝐼5 𝐼6 𝑷
∗
𝟏 𝐼7 𝐼8 𝐼9 𝑷
∗
𝟎 
 
Fig. 4 The frequency domain SCs with pilot signals for Z=10 and A = 4 
where 𝑉 = 𝑍 + 𝐴 and A is the number of pilots, which depends on the channel characterization. P 
is subsequently applied to the odd modulation and IFFT modules the outputs of which are given 
by, respectively:  
𝑋 = {𝑋0, 𝑋1, 𝑋2 … … , 𝑋𝑇−1}, 
= {0, 𝑃0, 0, 𝑃1, 0, 𝑃2 … … ,0, 𝑃𝑍−1}, 
 
      
(5) 
𝑥𝑛 =
1
𝑁
∑ 𝑋𝑘  e
2𝜋𝑛𝑘
𝑁
  
𝑁−1
𝑘=0
, 
     
(6) 
where 𝑇 = 2𝑉, N is the IFFT points, and n and k are the 𝑛th time domain sample of x and the 𝑘th 
frequency domain SC of X, respectively. Note that, the output of the IFFT is now a real asymmetric 
signal. Finally, as in the traditional ACO-OFDM scheme, x is applied to the parallel to serial (P/S), 
a cyclic prefix (CP), DAC, low pass filter (LPF) and zero clipping module prior to IM of the LED 
via the driver unit. 
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2.1 U-PAM-FDM Rx 
Fig. 5 shows the schematic block diagram of the U-PAM-FDM Rx. Following optical detection, 
the received signal is given by: 
𝑦(𝑡) = 𝑟(𝑡) + 𝑤 (𝑡), (7) 
where the regenerated electrical signal 𝑟(𝑡) = 𝑅𝑝(𝑡) ∗  ℎ(𝑡) , R is the responsivity of the 
photodetector (PD), which is assumed to be unity in this work, 𝑝(𝑡) is the transmitted optical 
signal, symbol * denote the linear convolution , ℎ(𝑡) is the impulse response of the system and 
𝑤(𝑡) represents the shot (signal and ambient light) and terminal noise sources, which are modelled 
as the additive white gaussian noise (AWGN). 𝑦(𝑡) is then passed through the LPF, analog digital 
converter (ADC) and CP removal modules prior to being converted to the frequency domain Y 
using the FFT. Subsequently, the redundant SCs (i.e., the even SCs) are removed from Y and the 
resulting signal YC is applied to the pilot extraction block to recover the pilot symbols (YP) for 
channel estimation. The received random data symbols YD together with the estimated transfer 
function of the system ?̂? are applied to a single-tab zero forcing equalizer (ZFE) with the output 
given by: 
𝑌𝐸 =
𝑌𝐷
?̂?
. (8) 
Finally, YE is applied to the IFFT and PAM de-mapping blocks in order to generate the estimated 
data stream. 
 
Fig. 5 The block diagram of the U-PAM-FDM Rx  
p(t)
*
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and CP 
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r (t)
w (t)
y (t) Y YC YD
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Binary Data
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<
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3 Results and Analysis 
In this section, the simulation results for the performance of the U-PAM-FDM scheme are 
presented. We consider 256 IFFT points and a CP with a duration of 50 ns, which is the maximum 
time delay for the multipath indoor VLC channel [30]. A 1 W white LED with PCB (HPB8-
49KxWDx) is used with a 1 V quasi-linear dynamic range where its measured L-I-V curve is 
illustrated in Fig. 6. 
To obtain an optimum comparison between U-PAM-FDM, ACO-OFDM and ACO-SCFDE in 
terms of the SNR, BER and EVM, the PAM symbols of U-PAM-FDM are generated at the Tx by 
separating the real and the imaginary parts of QAM symbols (i.e., the (a + bj) QAM symbol is 
separated into ‘a’ and ‘b’ PAM symbols), where these symbols are combined together at the Rx to 
reconstruct the QAM. All the key parameters adopted for simulation are given above in Table I. 
 
                    Table 1 Key simulation parameters. 
Parameter Value 
Number of iterations 1 M 
LED Type 1W white LED with PCB (HPB849KxWDx) 
LED bandwidth 2MHz 
LED linearity ~1 V 
The distance between LED and PD 2 m 
LED half-power angle ∅ 1/2 70
0 
Photodetector (PD) Thorlab (PDA36A-EC) [31]. 
PD gain 0 dB 
PD bandwidth 10 MHz 
PD noise (RMS) 300 µV 
PD responsivity 0.65 A/W 
PD active area 16 mm2 
Rx FOV 1800 
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The probability of the PAPR being higher than a certain threshold level (i.e., PAPR0) are illustrated 
in Figs. 7 and 8 where, as in [32-34], a complementary cumulative distribution function (CCDF) 
of 10−4, i.e.𝑃𝑟{PAPR > PAPR0} = 0.0001, is considered.  
Fig. 7 illustrates the CCDF as a function of the PAPR for the ACO-OFDM, ACO-SCFDE and U-
PAM-FDM schemes where, ACO-OFDM has higher PAPR values by ~3.6 and ~2.1 dB compared 
with U-PAM-FDM and ACO-SCFDE, respectively. The PAPR improvement of the ACO-SCFDE 
and U-PAM-FDM schemes are due to the insertion of the FFT and the interleaving mapping (i.e., 
odd modulation) blocks prior to IFFT at the OFDM Tx. Note by doing so, OFDM PAPR is as low 
as the SCM scheme reported in [27]. However, in IM/DD ACO-SCFDE and U-PAM-FDM VLC 
systems, the HS and SCG blocks should be implemented following FFT at the Tx, which leads to 
increased PAPR compared with the SCM scheme, since not all SCs enjoy the mapping feature. 
Next, we investigated the effect of pilot insertion on the PAPR for ACO-OFDM, ACO-SCFDE 
and U-PAM-FDM and compared them with no pilot cases, as illustrated in Fig. 8. The plots shown 
clearly demonstrate that, at CCDF of 10−4 ACO-SCFDE and U-PAM-FDM with 8 pilots (i.e. A 
= 8, where A is the number of pilots) have higher PAPRs by 0.4 and 0.9 dB, respectively, compared 
with the cases with no pilot symbols. For A = 16 based ACO-SCFDE and U-PAM-FDM the 
 
Fig. 6 Measured L-I-V curves of the 1 W white LED (HPB8-49KxWDx) (Northumbria university research Lab) 
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increase in PAPRs are 0.6 and 1.3 dB, respectively, where the insertion of the pilots has no impact 
on the ACO-OFDM PAPR. These increases of the PAPR for ACO-SCFDE and U-PAM-FDM are 
due to the insertion of pilot symbols, which change the order of the SCs, thus reducing the number 
of SC benefiting from the mapping feature. However, the insertion of pilots may not be required 
in VLC systems, since the indoor channel is highly stable and deterministic, which can be 
estimated once and then adopted for the incoming symbols. 
 
Fig. 7 CCDF vs. PAPR for ACO-OFDM, ACO-SCFDE and U-PAM-FDM 
 
Fig. 8 CCDF vs. PAPR for ACO-OFDM, ACO-SCFDE and U-PAM-FDM with and without the pilot symbols 
where A is the number of pilots. 
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Finally, the impact of PAPR on the performance of VLC is numerically investigated by 
considering the limited LED power-current dynamic range, as was discussed earlier. Since the 
OFDM schemes have different PAPR values, their transmit average electrical power (𝑃avg) reaches 
the maximum value of the LED dynamic linear range (𝐿 𝐷_Max) i.e., clipping level at different dBm 
values, which can be obtained from the error vector magnitude (EVM).   
Fig. 9 shows the EVM as a function of 𝑃avg for the 16- and 256-QAM ACO-OFDM, ACO-SCFDE 
and U-PAM-FDM schemes for the average noise power 𝜎𝑛
2 of -10 dBm. As illustrated in Fig. 9,  
the EVM reduces by increasing 𝑃avg, reaching the minimum level (i.e. reaching 𝐿 𝐷_Max) at 18 < 
𝑃avg < 21 dBm depending on the OFDM schemes where the best EVM performance is achieved 
for U-PAM-FDM as it has the lowest PAPR value. However, after these 𝑃avg values, the EVM 
start increasing as the system performance starts affected by the clipping noise where the 
maximum achievable average electrical power is obtained when EVM reaches its threshold values. 
According to [35, 36] for 16- and 256-QAM, the EVM threshold values should be ≤ 12.5% and 
3.5%, respectively. As such for 16-QAM U-PAM-FDM provide 2.5- and 1-dB higher 𝑃avg than 
ACO-ODM and ACO-SCFDE schemes, respectively. However, for 256 QAM none of these 
schemes reach the EVM threshold level as they require a wider LED dynamic linear range (i.e., 
>1 V).  Note increasing the order of QAM for the same scheme have no impact on the 𝐿 𝐷_Max.   
13 
 
Fig. 9  EVM vs 𝑃avg for 16- and 256-QAM ACO-OFDM, ACO-SCFDE and U-PAM-FDM 
 
Next, we investigate the effect of the clipping noise on the BER performance as a function of 𝑃avg 
for 16-, 64- 128-, and 256-QAM ACO-OFDM, ACO-SCFDE and U-PAM-FDM and for 𝜎𝑛
2 of     
-10 dBm, as depicted in Fig. 10. These plots illustrate that, the proposed scheme outperforms ACO-
OFDM and ACO-SCFDE for all QAM constellation orders because of the lowest PAPR value. 
Fig. 10 (a) shows that, although ACO-OFDM has a higher PAPR value compared with ACO-
SCFDE, it outperforms ACO-SCFDE at lower order QAM signals (i.e., ≤ 16-QAM), This is 
because, ACO-OFDM distributed time domain samples provide lower clipping noise, which can 
be reduced at the Rx using soft and hard decision methods when lower QAM is considered. 
However, for higher order QAM signals, even the low clipping noise cannot be treated at the Rx 
and therefore, for > 16 QAM constellation order, the scheme with lower PAPR will provide 
improved BER performance as can be easily observed from Fig. 10 (b) where the U-PAM-FDM 
scheme provides the best BER performance while ACO-OFDM has the worst one.  
Finally, Fig. 11, shows the distribution of 100 k time domain samples of ACO-OFDM, ACO-
SCFDE and U-PAM-FDM. From the figure, one can observe that, most of the ACO-OFDM time 
domain samples are distributed around the mean value (i.e., zero value), where the number of 
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samples with large amplitudes for ACO-OFDM is low compared with the other two schemes, 
which results in a lower number of clipped samples (i.e., lower clipping noise). This explains why 
ACO-OFDM outperform ACO-SCFDE for lower QAM constellation orders (i.e,. ≤ 16-QAM) as 
was illustrated in Fig. 10 (a). Note, although the time domain samples of U-PAM-FDM and ACO-
SCFDE have almost the same distribution, U-PAM-FDM outperforms ACO-OFDM for all QAM 
constellation orders, because of its lowest PAPR value as was already discussed.  
 
                                                                            (a) 
 
                                                                              (b) 
Fig. 10  The BER as a function of 𝑃avgfor ACO-OFDM, SCFDE, and UPAM-FDM with: (a) 16- and 64-QAM 
and (b) 128- and 256-QAM 
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4    Conclusion  
We introduced a new unipolar PAM-FDM scheme in order to reduce PAPR of unipolar optical 
OFDM by modifying SC-FDMA for used in IM/DD-based VLC. For U-PAM-FDM, the 
simulation results showed that the PAPR values are 3.6 and 1.5 dB lower compared with ACO-
OFDM and ACO-SCFDE, respectively. We also investigated the impact of reducing PAPR on the 
EVM performance and showed that U-PAM-FDM offered higher 𝑃avg by 2.5 dB compared with 
the traditional ACO-OFDM scheme.  
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